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Abstract
We compute the generic one-loop contribution involving scalar leptoquarks (LQ)
to the W and Z leptonic decay widths. In our computation we include for the
first time the finite terms and the corrections due to the external momenta of the
electroweak bosons, which is a step beyond the leading-logarithmic approximation
considered in the literature so far. We show that the terms we include can be nu-
merically quite significant. They amount to about 20% for scalar LQ masses below
1.5 TeV, as currently allowed by the direct searches at the LHC. To further illustrate
the relevance of our results we revisit a model with two light scalar LQs, proposed to
accommodate the B-physics anomalies. We show that the finite terms we computed
can reduce the tension with the Z-pole data.
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1
1 Introduction
Ever since the experimental observation that the lepton flavor universality (LFU) might
be broken in the decays of B-mesons, there has been a great effort in the high energy
physics community to build a model which would satisfactorily accommodate the breaking
of LFU in such a way that a plethora of low energy physics observables remain consistent
with the Standard Model (SM) and experiment. In addition to the low energy physics
observables, any candidate model (theory) testable at the O(TeV) scale should also be
consistent with the bounds deduced from the direct searches at the LHC. We remind the
reader that the first departures from LFU have been observed in the decays which are the
tree level b→ c`ν¯ processes in the SM, namely, 1
RD(∗) =
B(B → D(∗)τ ν¯)
B(B → D(∗)lν¯)
∣∣∣∣
l∈{e,µ}
, RJ/ψ =
B(Bc → J/ψτ ν¯)
B(Bc → J/ψµν¯) . (1)
The main benefit of considering this kind of ratios is that the Cabibbo–Kobayashi-Maskawa
(CKM) couplings and a considerable amount of hadronic uncertainties cancel so that the
deviations of the ratios from their SM estimate can be clearly interpreted as signs of the
LFU violation (LFUV). More specifically, the most recent average HFLAV values [1] read:
RexpD = 0.41(5), R
SM
D = 0.300(8),
RexpD∗ = 0.31(2), R
SM
D∗ = 0.257(3), (2)
RexpJ/ψ = 0.71(25), R
SM
J/ψ ' 0.23(1).
Even though the 5σ departure from LFU is still missing, this astonishing results require
a plausible explanation which should also verify a conservative bound B(Bc → τ ν¯) .
30% [2,3]. The puzzle regarding the LFUV in B-decays become even more intriguing after
LHCb considered the b→ sl+l− decays, which are loop-induced in the SM, and measured
R
[q21 ,q
2
2 ]
K(∗) =
B′(B → K(∗)µµ)
B′(B → K(∗)ee) , (3)
where B′ stands for the partial branching fraction, integrated between q21 and q22. A com-
parison between the measured values [1], and those computed in the SM [4]:
RexpK ≡R[1,6]K+ = 0.75(9), R[1,6] SMK+ = 1.00(1),
RexpK∗ ≡R[1.1,6]K∗0 = 0.71(10), R[1.1,6] SMK∗0 = 1.00(1), (4)
R
[0.045,1.1]
K∗0 = 0.68(10), R
[0.045,1.1] SM
K∗0 = 0.98(1),
shows that the measured values are systematically about 2.5σ lower than predicted.
Building a model which can describe both of these anomalies is difficult because the two
kinds of processes are probing different new physics scales [5]. Furthermore, requiring the
1Note that throughout this paper any lepton flavor will be denoted by ` ∈ {e, µ, τ}, which is to be
distinguished from the light leptons only, denoted by l ∈ {e, µ}.
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compatibility with a number of measured observables at low energies allows one to eliminate
many candidate models. For that reason most of the theoretical work has been focused
in reconciling theory with experiment for either RD(∗) or RK(∗) , and only a few attempts
have been successful in accommodating both types of the above-mentioned “B-physics
anomalies”. Among the specific models proposed so far those involving the leptoquark
states (LQ’s) seem to be the most appealing. They can modify the SM prediction through
a tree-level or one-loop diagrams, depending on the structure of Yukawa couplings chosen
to make the model consistent with the low- and high-energy observables. The most recent
assessment of viability of the single LQ models has been made in Ref. [6]. It appears
that none of the scalar LQ mediators alone can be used to accommodate both kinds of
anomalies. In such a situation one should either combine two different scalar LQ’s or opt
for the vector LQ’s. The latter option is difficult to implement in a minimalistic scenario
because the theory in which the SM is extended by only the vector LQ’s at O(1− 10 TeV)
is not renormalizable. To render the loop corrections finite in such a scenario one would
need to specify the ultra-violet completion of the theory, which in turn involves a number
of new parameters (cf. Refs. [7–12]). For that reason and throughout this work we will
focus on the scalar LQ’s only. The attempts to combine two LQ’s and accommodate the
B-physics anomalies have been proposed in Refs. [13–16].
We emphasize once again that a viability of any proposed scenario can be assessed
through a careful comparison between theory and experiment for a number of low- and
high-energy observables. For most quantities in the scenarios of new physics in which
the SM is extended by one or more LQ’s, the expressions can be found in Ref. [17]. It
appears, however, that the expressions for the leptonic decays of Z and W bosons are
not available. These processes, together with the leptonic τ -decays, are the subject of
this paper. The leading LQ contributions modify the decay rates of all these processes at
the one-loop level. We compute them for all of the possible scalar LQ scenarios with the
most general structure of Yukawa couplings. 2 The necessity for checking whether or not
a proposed model is consistent with the electro-weak precision tests is, of course, not new.
Its importance has been stressed in Ref. [18] where the leading logarithmic contribution
has been used for the renormalization group running from mW,Z to O(1 TeV ÷ 10 TeV),
scales at which a given LQ is supposed to be on its mass shell. Since the TeV scale and
mW,Z are not far too apart from each other, checking on the finite LQ contributions to Z
and W decays becomes important. The corresponding results are provided in this paper.
We will illustrate the importance of inclusion of the finite contributions to B(Z → ``)
and B(W → `ν¯) arising in some specific LQ models proposed in the literature so far.
Moreover, we will reexamine a concrete model proposed to accommodate the B-physics
anomalies by considering a singlet (S1) and triplet (S3) LQ states with couplings to left-
handed SM fermions. We will show that the corrections we compute here reduce the tension
observed for this model between the Z-pole data and the deviations in Rexp
D(∗) .
The remainder of this paper is organized as follows: In Sec. 2 we recall the scalar
LQ representations and their most general Yukawa couplings allowed by the SM gauge
2The term “Yukawa couplings”, in this paper, is used to designate the couplings among a quark, a
lepton and a scalar LQ.
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symmetry. In Sec. 3 and Sec. 4 we describe our general computation of LQ contributions
to Z and W decays into leptons. Finally, in Sec. 5 we illustrate the relevance of our results
to the concrete phenomenological situation on a model proposed to explain the B-physics
anomalies. We shortly conclude in Sec. 6.
2 Scalar Leptoquarks
In this Section we remind the reader of the scalar LQ Lagrangians. We follow the notation
of Ref. [17] and specify LQs by their SM quantum numbers, (SU(3)c, SU(2)L)Y . In this
way the electric charge, Q = Y + I3, is the sum of the hypercharge (Y ) and the third
component of the weak isospin (I3). In the left-handed doublets, Qi = [(V
†uL)i dL i]T and
Li = [(UνL)i `L i]
T , the matrices V and U are respectively the CKM and the Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) matrices. As the neutrino masses are insignificant for
phenomenology of this paper we can set U = 1.
R2 = (3,2)7/6 : LR2 =−
(
yLR2
)
ij
u¯RiR2iτ2Lj +
(
yRR2
)
ij
Q¯iR2`Rj + h.c. , (5)
R˜2 = (3,2)1/6 : LR˜2 =−
(
yL
R˜2
)
ij
d¯RiR˜2iτ2Lj +
(
yR
R˜2
)
ij
Q¯iR˜2νRj + h.c. , (6)
S1 =
(
3,1
)
1/3
: LS1 =
(
yLS1
)
ij
Q¯Ci iτ2S1Lj +
(
yRS1
)
ij
u¯CRiS1`Rj
+
(
y′RS1
)
ij
d¯CRiS1νRj + h.c. ,
(7)
S3 =
(
3,3
)
1/3
: LS3 =
(
yLS3
)
ij
Q¯Ci iτ2(~τ · ~S3)Lj + h.c. , (8)
S˜1 =
(
3,1
)
4/3
: LS˜1 =
(
yR
S˜1
)
ij
d¯CRiS˜1`Rj + h.c. , (9)
S¯1 =
(
3,1
)
−2/3 : LS1 =
(
yRS¯1
)
ij
u¯CRi S¯1νRj + h.c. , (10)
where, as usual, the fermion fields ψL,R = PL,Rψ with PL,R = (1∓γ5)/2, and ψC stands for a
charge conjugated fermion, while τk denote the Pauli matrices. Note that we neglected the
LQ couplings to diquarks in Eqs. (7-10) which is necessary for stability of the proton [17].
yL,RLQ are the matrices of Yukawa couplings the components of which correspond to the
quark and lepton indices in the weak interaction eigenbasis. It is often useful to label the
scalar leptoquarks through its flavour number F = 3B + L, where B and L stand for the
baryon and the lepton number respectively. In that way R2 and R˜2 are F = 0 leptoquarks
while S1, S3, S˜1 and S¯1 are |F | = 2 leptoquarks.
For phenomenological considerations it is more convenient to work in the mass eigen-
basis. After absorbing the matrices of rotation to the mass eigenstate basis into the redefi-
nition of Yukawa matrices (yL,RLQ ), and by accounting for the usual CKM mixing matrix V ,
we can write
LR2 =−
(
yLR2
)
ij
u¯iPL`j R
(5/3)
2 +
(
yLR2
)
ij
u¯iPLνj R
(2/3)
2
+
(
V yRR2
)
ij
u¯iPR`j R
(5/3)
2 +
(
yRR2
)
ij
d¯iPR`j R
(2/3)
2 + h.c. ,
4
LR˜2 =−
(
yL
R˜2
)
ij
d¯iPL`j R˜
(2/3)
2 +
(
yL
R˜2
)
ij
d¯iPLνj R˜
(−1/3)
2
+
(
V yR
R˜2
)
ij
u¯iPRνj R˜
(2/3)
2 +
(
yR
R˜2
)
ij
d¯iPRνj R˜
(−1/3)
2 + h.c. ,
LS1 =−
(
yLS1
)
ij
d¯CPLν S1 +
(
V ∗yLS1
)
ij
u¯Ci PL`j S1
+
(
yRS1
)
ij
u¯Ci PR`j S1 +
(
y′RS1
)
ij
d¯Ci PRνj S1 + h.c. ,
LS3 =−
(
yLS3
)
ij
d¯Ci PLνj S
(1/3)
3 −
√
2
(
yLS3
)
ij
d¯Ci PL`j S
(4/3)
3
+
√
2
(
V ∗yLS3
)
ij
u¯Ci PLνj S
(−2/3)
3 −
(
V ∗yLS3
)
ij
u¯Ci PL`j S
(1/3)
3 + h.c. .
LS˜1 =
(
yR
S˜1
)
ij
d¯Ci PR`j S˜1 + h.c. ,
LS¯1 =
(
yRS¯1
)
ij
u¯Ci PRνj S¯1 + h.c. ,
where in the superscript of the non-singlet LQ field we note the component corresponding
to the specific electric charge eigenstate which we assume to be mass degenerate. We stress
once again that we set the PMNS matrix to U = 1.
3 Leptoquark contributions to Z → ``
3.1 Effective field theory description
Leptoquarks contribute to the Z couplings to leptons via the loop diagrams illustrated in
Fig. 1. The effective Lagrangian describing the Z-boson interaction to generic fermions fi,j
can be written as
δLZeff =
g
cos θW
∑
f,i,j
f¯iγ
µ
[
gijfL PL + g
ij
fR
PR
]
fj Zµ (11)
where g is the SU(2)L gauge coupling, θW is the Weinberg angle, and
gijfL(R) = δij g
SM
fL(R)
+ δgijfL(R) , (12)
with gSMfL = I
f
3 −Qf sin2 θW and gSMfR = −Qf sin2 θW . LQ loop contributions are described
by the effective coefficients δgijfL(R) . The corresponding Z-boson branching fractions are
then given by 3
B(Z → fif¯j) = mZλ
1/2
Z
6piv2ΓZ
[ (|gijfL|2 + |gijfR |2)
(
1− m
2
i +m
2
j
2m2Z
− (m
2
i −m2j)2
2m4Z
)
+ 6
mimj
m2Z
Re
[
gijfL
(
gijfR
)∗] ]
,
(13)
3For i 6= j the computation of the branching ratio has to be interpreted as the average
1
2
[B(Z → fif¯j) + B(Z → fj f¯i)]
5
pV
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Figure 1: Scalar LQ (∆) contributions at one-loop to Z → `i`j , Z → νiνj and W → `jνi .
where mi,j are the fermion masses and λZ ≡ [m2Z − (mi − mj)2][m2Z − (mi + mj)2]. 4
Contributions to these rates are constrained by the measurement of both flavor conserving
and flavor violating Z decays at LEP [20]. In particular, LEP measured the effective
couplings [21]
ge, expV = −0.03817(47) , ge, expA =− 0.50111(35) ,
gµ, expV = −0.0367(23) , gµ, expA =− 0.50120(54) ,
gτ, expV = −0.0366(10) , ge, expA =− 0.50204(64) ,
(14)
which are related to the couplings in Eq. (11) via the relations gijV (A) = g
ij
`L
± gij`R . Note
that for i = j we simplify the notation by dropping one superindex. Another important
observable is the effective number of neutrinos [21]
N expν = 2.9840(82) , (15)
which will constraint the LQ couplings to neutrinos via [21]
Nν =
∑
i,j
[∣∣∣∣δij + δgijνLgSMνL
∣∣∣∣2 + ∣∣∣∣δgijνRgSMνL
∣∣∣∣2
]
, (16)
where i, j ∈ {e, µ, τ} and neutrino masses have been neglected.
3.2 One-loop matching
We shall now provide an expressions for the couplings δgijL(R) for each of the leptoquark
models listed in Sec. 2. We focus our discussion onto the leptonic Z couplings since these
are the most precisely determined by experiment. Our discussion can be adapted “mutatis
mutandis” to the Z couplings to quarks. Before presenting our results, we define our
convention for the covariant derivative as
Dµ = ∂µ + ig
′ Y Bµ − ig IkW kµ − igS TAGAµ , (17)
4This expression also applies to the decays Z → νν if neutrinos are assumed to be Dirac particles. If
lepton number is violated, this expression should be modified. Both formulas, however, agree in the limit
mi,j → 0. See Ref. [19] for a similar discussion in the case of K → piνν¯ decays.
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where Y is the hypercharge, and TA and Ik are the relevant SU(3)c and SU(2)L generators,
respectively. After the electroweak symmetry breaking, this expression can be rewritten as
Dµ = ∂µ− i g√
2
(I+W+µ +I
−W−µ )− i
g
cos θW
(I3−Q sin2 θW )Zµ+ ieQAµ− igS TAGAµ , (18)
where e = g sin θW = g
′ cos θW , Q = Y + I3 and I± = (I1 ± i I2), as usual. To present our
results in a compact form, we consider a general Yukawa Lagrangian defined by
LF=0yuk. = q¯i
[
lijPR + rijPL
]
`j ∆ + h.c. (19)
LF=2yuk. = q¯ Ci
[
lijPR + rijPL
]
`j ∆ + h.c. (20)
where q and ` are generic quark and lepton flavors, lij and rij denote the generic Yukawa
couplings, and ∆ is a leptoquark mass eigenstate, which belongs to one of the SU(2)L
multiplets listed in Eq. (5)–(10). Our results will be presented in such a way that the
expression for a specific model can be obtained by simply comparing Eqs. (19,19), to the
Yukawa lagrangians listed in Sec. 2. In this way, one can determine lij and rij for each
leptoquark charge eigenstate contributing to Z → `` or Z → νν¯, which should then be
summed up to give the final expression.
Our computation is performed in two independent ways. We first neglect the light
quark masses (i.e., for qu = u, c and qd = s, d, b) and expand in the external momenta
before integration [22]
1
(k + p)2 −M2 =
1
k2 −M2
[
1− p
2 + 2 (k · p)
k2 −M2 +
4 (k · p)2
(k2 −M2)2
]
+O
( p
M
)4
, (21)
where k is the loop momentum, p is a generic external momentum and M stands for the
mass of the particle running in the loop. With this method we obtain analytic expressions
for the loop functions, systematically accounting for the corrections of order O(mZ/m∆)n
(with n > 0), but avoiding the difficult computation of Passarino-Veltman functions with
nonzero external momenta. We then compare these expressions with the ones computed
numerically by using the Mathematica packages LoopTools [23] and Package-X [24]. We
find an agreement better than per-mil level between the results obtained numerically and
analytically, for leptoquark masses heavier than ≈ 900 GeV, as currently allowed by LHC
searches [6].
We present now our analytic results in terms of the Yukawas lij and rij, and the quantum
numbers of SM fermions. As explained above, we separate the top quark contribution from
the light quarks (qu = u, c and qd = s, d, b), since the relevant scales are different in each
case. The final result for F = 0 leptoquarks to O(m2Z/m2∆) reads
7
[
δgij`L(R)
]
F=0
=NC
wtjw
∗
ti
16pi2
[(
guL(R) − guR(L)
) xt(xt − 1− log xt)
(xt − 1)2 +
xZ
12
F
L(R)
F=0 (xt)
]
+ xZ NC
∑
k=u,c
wkjw
∗
ki
48pi2
[
− guR(L)
(
log xZ − ipi − 1
6
)
+
g`L(R)
6
]
+ xZ NC
∑
k=d,s,b
wkjw
∗
ki
48pi2
[
− gdR(L)
(
log xZ − ipi − 1
6
)
+
g`L(R)
6
]
,
(22)
while for |F | = 2 leptoquarks we obtain,
[
δgij`L(R)
]
F=2
=NC
wtjw
∗
ti
16pi2
[(
guL(R) − guR(L)
) xt(xt − 1− log xt)
(xt − 1)2 +
xZ
12
F
L(R)
F=2 (xt)
]
+ xZ NC
∑
k=u,c
wkjw
∗
ki
48pi2
[
guL(R)
(
log xZ − ipi − 1
6
)
+
g`L(R)
6
]
+ xZ NC
∑
k=d,s,b
wkjw
∗
ki
48pi2
[
gdL(R)
(
log xZ − ipi − 1
6
)
+
g`L(R)
6
]
,
(23)
where xt = m
2
t/m
2
∆, xZ = m
2
Z/m
2
∆, NC = 3, with g
f
L = I
f
3 − Qf sin2 θW and gfR =
−Qf sin2 θW (f = u, d, `), as before. In the above expressions, wki should be replaced by
rki or lki for δgL
ij or δgR
ij, respectively. These couplings are collected in Table 1 for each
leptoquark representation listed in Sec. 2. One of the novelties of our study is the inclusion
of the terms O(xZ log xt), which have never been considered before and which can induce
non-negligible corrections for LQ masses m∆ . 1.5 TeV. 5 These corrections are collected
in the functions F
L(R)
0 and F
L(R)
2 , which are given by
F
L(R)
F=0 (xt) =guR(L)
(xt − 1)(5x2t − 7xt + 8)− 2(x3t + 2) log xt
(xt − 1)4
+ guL(R)
(xt − 1)(x2t − 5xt − 2) + 6xt log xt
(xt − 1)4
+ g`L(R)
(xt − 1)(−11x2t + 7xt − 2) + 6x3t log xt
3(xt − 1)4 ,
(24)
5Note, in particular, that much lower masses are allowed by current LHC searches for leptoquarks,
which exclude masses of order ≈ 900 GeV for LQs with mostly couplings to the third generation, see
e.g. Ref. [6] for a recent review.
8
and
F
L(R)
F=2 (xt) =− guL(R)
(xt − 1)(5x2t − 7xt + 8)− 2(x3t + 2) log xt
(xt − 1)4
− guR(L)
(xt − 1)(x2t − 5xt − 2) + 6xt log xt
(xt − 1)4
+ g`L(R)
(xt − 1)(−11x2t + 7xt − 2) + 6x3t log xt
3(xt − 1)4 .
(25)
The phenomenological relevance of these terms and the other finite contributions we com-
puted for the first time will be illustrated in the following.
Decay wij q R2 R˜2 S1 S3 S˜1 S¯1
Z → ``
rij
qu −
(
yLR2
)
ij
0
(
V ∗yLS1
)
ij
−
(
V ∗yLS3
)
ij
0 0
qd 0 −
(
yL
R˜2
)
ij
0 −√2
(
yLS3
)
ij
0 0
lij
qu
(
V yRR2
)
ij
0
(
yRS1
)
ij
0 0 0
qd
(
yRR2
)
ij
0 0 0
(
yR
S˜1
)
ij
0
Z → νν
rij
qu
(
yLR2
)
ij
0 0
√
2
(
V ∗yLS3
)
ij
0 0
qd 0
(
yL
R˜2
)
ij
−
(
yLS1
)
ij
−
(
yLS3
)
ij
0 0
lij
qu 0
(
V yR
R˜2
)
ij
0 0 0
(
yR
S¯1
)
ij
qd 0
(
yR
R˜2
)
ij
(
y′RS1
)
ij
0 0 0
Table 1: Expressions for the coefficients wij in Eq. (22) and (23) obtained by the matching of
Eq. (19) and (20) onto the Yukawa Lagrangians listed in Sec. 2 for LQs with fermion number
F = 0 and |F | = 2, respectively.
3.3 Relevance of the finite terms in Z → ``
We now discuss the relevance of the new contributions we computed, namely theO(xZ log xt)
terms and the finite terms in the matching. To this end, we compare our results to the
formulas given in Ref. [18], obtained in a EFT context by employing a RGE approach
to a leading-logarithmic approximation (LLA). The latter approach only accounts for
the terms xt log xt and xZ log xZ from the general expressions, where one assumes that
vEW ≈ mZ ≈ mt in the logarithms.
9
Z→ττ for R2
Z→ττ for S1
Z→ττ for S3
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0.86
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δg LFull /
δg LLLA
Z→ττ for R2
Z→ττ for S1
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Z→νν for R2
Z→νν for S3
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Figure 2: Comparison of the full expressions given in Eq. (22) and (23) for Z → `+`− and Z → νν¯
with the ones obtained by employing a RGE approach with a leading logarithmic approximation
(LLA) [18]. We consider all LQ representations listed in Sec. 2 and we assume, for illustration,
that the LQs only have couplings to third generation fermions in Eq. (5)–(10). The contributions
from the new terms we have computed can be as large as O(20%), for masses allowed by the
direct searches at the LHC, being therefore non-negligible in phenomenological analyses.
10
In Fig. 2, we show the ratio between the full and simplified formulas for Z → `−`+ and
for Z → νν¯ as a function of the LQ mass, for the different SU(2)L×U(1)Y representations.
For illustration, we have only considered Yukawa couplings to third generation fermions
in Eq. (5)–(10). We find that the new corrections we have computed can be as large
as O(20%) for values of LQ mass below 1.5 TeV, as allowed by the present limits from
the direct searches at the LHC [6]. Furthermore, we see that these relative corrections
decrease with the LQ mass, becoming less relevant for larger masses, in which case the
LLA is satisfied to a good extent. The conclusion of this exercise is that, given the present
limits from LHC, one should consider the full formulas to reliably assess the viability of any
scenario with low-energy scalar LQ. We will illustrate this feature in Sec. 4 with a concrete
model for the B-anomalies, which presents a tension with current data if the formulas from
Ref. [18] are used, but which turns out to be perfectly consistent when the full formulas
are considered.
Before closing this Section we need to compare our results with previous computations
in the literature. We agree with the results from Ref. [25], where the light fermion and top-
quark contributions have been computed for the S1 model. To that result we included terms
of O(xZ log xt), which amount to a O(10%) relative effect. We also agree with the results
presented in Ref. [26], where the R2 contribution was computed for both light and heavy
fermions. Again, our result goes a step beyond in that we include also the O(xZ log xt)
terms. Similarly, if we neglect the O(xZ log xt) terms, we agree with the results of Ref. [27]
where the top-quark contribution was computed for S1 and R2 LQs. Note, however, that
we disagree with their sign of δgL(R) for the R2 LQ. Before moving on, we stress that the
expressions given above can be easily adapted to other scenarios of new physics containing
scalar particles coupled to fermions, such as the two-Higgs doublet models [28].
4 Leptoquark contributions to W → `ν¯
4.1 Effective field theory description
We now turn to the W couplings to leptons. Similar to the above discussion, the W
interactions can be generically written as
δLWeff =
g√
2
∑
i,j
¯`
iγ
µ
[ (
δij + hij`L
)
PL + δh
ij
`R
PR
]
νjW
−
µ + h.c. , (26)
where hij`L,R describes the loop-level contributions illustrated in Fig. 1. In this expression,
we also consider the possibility of light right-handed neutrinos, which we assume to be
Dirac particles for simplicity. 6 The corresponding branching ratio can then be written as
B(W → `iνj) = m
3
W
12piv2ΓW
(
|δij + δhij`L |2 + |δhij`R |2
)(
1− m
2
i
2m2W
− m
4
i
2m4W
)
, (27)
6For W decays, the expression for Majorana neutrinos is a trivial extension of the results presented
above (cf. e.g. Ref. [19] for further discussion).
11
where mi ≡ m`i and neutrinos masses have been neglected. This expression should be
compared to the LEP measurements [20]
B(W → τ ν¯)exp = 11.38(21)× 10−2 , (28)
B(W → µν¯)exp = 10.63(15)× 10−2 , (29)
B(W → eν¯)exp = 10.71(16)× 10−2 . (30)
In particular, the ratio R
τ/µ
W = B(W → τν)exp/B(W → µν)exp = 1.07(3) is about 2.4σ
above the SM prediction, R
τ/µ, SM
W ≈ 0.999. It is very challenging to explain such a
large deviation in a new physics model, since these contributions would be correlated, via
SU(2)L×U(1)Y gauge invariance, with the tightly measured Z couplings to τ -leptons [29].
Alternatively, the Wτν coupling can also be inferred from the τ -lepton decays. Current
PDG average [20]
B(τ → µνν¯)exp = 17.33(5)× 10−2 , (31)
in a good agreement with the SM prediction, B(τ → µνν¯) = 17.29(3)× 10−2 [30]. Lepto-
quarks would also contribute to τ -decays via box-type diagrams. Since these contributions
are proportional to y4LQ/m
2
∆ = m
2
∆ × (yLQ/m∆)4, where yLQ denotes a generic LQ cou-
pling, we know these are subdominant contributions for low values of m∆ and fixed values
of yLQ/m∆, as in the case of the B-anomalies. For completeness we provide the expres-
sion for B(τ → µνν¯) in Appendix A which will be further discussed on one of our future
publications.
4.2 One-loop matching
We now give the expressions for hij`L and h
ij
`R
for each LQ model listed in Sec. 2. From Eq. (9)
and (10), we see that the models S˜1 =
(
3,1
)
4/3
and S1 =
(
3,1
)
−2/3 do not contribute to
W → `ν¯, since these are singlets of SU(2)L which do not have couplings to both up- and
down-type quarks, neither to the W . For the scenarios with weak doublet leptoquarks, we
obtain [
δhij`L
]
R2
= Nc
xW
288pi2
[ (
yL†R2
)
it
(
yLR2
)
tj
GR2(xt) +
∑
k=u,c
(
yL†R2
)
ik
(
yLR2
)
kj
]
, (32)
[
δhij`L
]
R˜2
= Nc
xW
288pi2
(
yL†
R˜2
yL
R˜2
)
ij
, (33)
where xW = m
2
W/m
2
∆ and xt = m
2
t/m
2
∆, as before, and the function GR2 is defined by
GR2(xt) =
−11x3t + 6x3t log xt + 18x2t − 9xt + 2
2(xt − 1)4 , (34)
Note, in particular, that these contributions cannot be accounted for by the EFT compu-
tation with leading-logarithmic approximation [18]. For the two remaining scenarios, we
find
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Figure 3: Comparison of the full expressions given in Eq. (35) and (36) for W → `ν¯ with the ones
obtained by employing a RGE approach with a leading logarithmic approximation (LLA) [18].
For illustration, we assume once again that the LQs only have couplings to the third generation
fermions in Eq. (5)–(10). We do not display the results for the R2 and R˜2 LQs, since the RGE
approach cannot encapsulate the contributions from these states, which have no logarithmic
dependence. Furthermore, note that the LQs S¯1 and S˜1 do not contribute to these decays to
one-loop order.
[
δhij`L
]
S1
=NC
(
V ∗yLS1
)∗
ti
(
V ∗yLS1
)
tj
[
− xt(xt − 1 + (xt − 2) log xt)
64pi2(xt − 1)2 +
xW
288pi2
GS1(xt)
]
+NC
xW
144pi2
∑
k=u,c
(
V ∗yLS1
)∗
ki
(
V ∗yLS1
)
kj
(−1− 3 log xW + 3pii) ,
(35)
and[
δhij`L
]
S3
=NC
(
V ∗yLS3
)∗
ti
(
V ∗yLS3
)
tj
[
xt(xt − 1 + (xt − 2) log xt)
64pi2(xt − 1)2 +
xW
288pi2
GS3(xt)
]
+NC
xW
144pi2
∑
k=u,c
(
V ∗yLS3
)∗
ki
(
V ∗yLS3
)
kj
(1− 3 log xW + 3pii) ,
(36)
where we separate the top-quark contributions from the other light quarks. The functions
GS1 and GS3 are given by
GS1(xt) =
6(xt − 1− log xt)
(xt − 1)2 , (37)
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GS3(xt) =
6 [xt (x
2
t + xt − 2) + 1] log xt + xt − 1[xt(xt(2xt − 23) + 25)− 10]
(xt − 1)4 . (38)
Finally, note that none of the scalar LQ particles contribute at one-loop order to hij`R .
4.3 Relevance of the finite terms in W → `ν
We should now comment on the phenomenological implications of the results presented
above. Similarly to the discussion of leptonic Z couplings in Sec. 3, we compared our
full formulas to the ones obtained within a leading logarithmic approximation [18]. These
results are illustrated in Fig. 3 for the models S1 and S3, where we considered couplings
only to the third generation fermions. For both scenarios, we find a negative correction
coming from finite terms of order O(5%), with a very mild dependence on the LQ mass
m∆. For the other scenarios, namely R2 and R˜2, we cannot perform such a comparison
since the leading logarithmic approximation of Eq. (32) and (33) would give a vanishing
contribution. In this case, the finite terms are essential to consider.
5 Illustration: S1 & S3 explanation of RK(∗) and RD(∗)
In this Section we illustrate our results in a specific scalar LQ model proposed to simul-
taneously explain the b → s and b → c anomalies [13–15]. This model contains the LQs
S1 =
(
3,1
)
1/3
and S3 =
(
3,3
)
1/3
, with couplings only to left-handed fermions, namely
LYuk =
(
yLS1
)
ij
Q¯Ci iτ2S1Lj +
(
yLS3
)
ij
Q¯Ci iτ2(~τ · ~S3)Lj + h.c. . (39)
We adopt the same Yukawa pattern of Ref. [14, 15], namely
yLS1 = gS1 ×
0 0 00 βS1sµ βS1sτ
0 βS1bµ β
S1
bτ
 , yLS3 = gS3 ×
0 0 00 βS3sµ βS3sτ
0 βS3bµ β
S3
bτ
 , (40)
where gS1(3) describe the overall strength of LQ Yukawa interactions, while β
S1(3)
ij contain
the flavor structure. Couplings to the first generation are set to zero to avoid stringent
bounds from kaon physics observables and atomic parity violation. Following Ref. [14,15],
we further assume that βS1bτ = β
S3
bτ = 1, and that βqµ ≡ βS1qµ = βS3qµ , with q = s, b. The sτ
couplings are considered to be in general different, as needed to explain current deviations.
We are then left with six couplings to be fixed by the data, namely gS1 , gS3 , βsµ, βbµ and
β
S1(3)
sτ , as well as two masses mS1 and mS3 .
Several low-energy observables are sensitive to the couplings defined above. To illustrate
the impact of the expressions we computed for the first time in this paper, we consider
the same experimental constraints of Ref. [14]: (i) the LFU ratios RK(∗) and RD(∗) , (ii)
LFU tests in R
(µ/e)
D = B(B → Dµν¯)/B(B → Deν¯), (iii) limits on the branching fractions
B(B → K(∗)νν¯), and (iv) the decays Z → ττ and Z → νν¯. Concerning the latter
observables, we perform a fit by using the leading-log approximation (LLA) of Ref. [18],
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which is also considered in Ref. [14,15], and by considering our complete formulas, cf. Sec. 3.
We consider the same range of parameters as in Ref. [14], namely βsµ, β
S1(3)
sτ ∈ (−5Vcb, 5Vcb)
and βbµ ∈ (−1, 1).
Our results are depicted in Fig. 4 in the plane RD(∗)/R
SM
D(∗) vs. δC
µµ
9 = −Cµµ10 for LQ
masses mS1 = mS3 = 2 TeV. In the analysis considering the leading-log approximation,
we obtain a value χ2min ≈ 8.0, which shows a mild tension between the observed deviations
RD(∗) and Z-pole data, as depicted by the 2σ contour (black dashed line). If, instead,
one considers the formulas computed in this paper, the tension is milder as shown by the
green/yellow contours in Fig. 4, for which we obtain χ2min ≈ 6.5. This example illustrates
the importance of the finite one-loop terms in the computation of Z → `` and Z → νν,
which have a non-negligible effect for the models aiming at explaining the B-physics anoma-
lies. Finally, it should be noted that similar conclusions have been reached in Refs. [11,12]
in which the authors considered an ultraviolet complete scenario which includes vector LQ
states.
6 Summary and Conclusions
In this paper we computed the radiative corrections of Z and W decays to two lep-
tons/neutrinos induced by the scalar leptoquarks. We extend the leading logarithmic
approximation (O(xt log xt)) by computing finite terms and, for the first time, we also
include the terms O(xZ(W ) log xt). The results for Z → `` and Z → νν corrections are
presented in a unified way, only separating the results for F = 0 and |F | = 2 leptoquarks.
In this way one can easily compute the left and right-handed contributions using Table 1.
These results can be easily extended to other models involving Yukawa couplings with a
massive scalar. For the W decays we present the results for each LQ separately. One
remarkable feature of going further than the leading logarithmic approximation in the case
of W → `ν is that the F = 0 LQ’s bring in a non-vanishing contribution. In the appendix
we also comment on `i → `jνiν¯j and its relation to W → `ν.
The inclusion of finite terms and the terms containing xZ(W ) log xt can change the Z
couplings to leptons and neutrinos by a 20% while in the W channel the modification
amounts to a 5% for LQ masses lower than 1.5 TeV. The 20% difference in the Z couplings
is further illustrated on the example of a model of Ref. [14] in which it is known that
Z → `` creates a tension with RD(∗)/RSMD(∗) . We showed that the fit improves from χ2min ≈ 8
at LLA to χ2min ≈ 6.5 with our contributions. This is also shown by Fig. 4 where the
tension between the Z−pole observables and the RD(∗) anomalies is reduced if instead of
LLA the results of our calculations are used.
Acknowledgments
We thank Rupert Coy for pointing out a typo in the previous version. P. A. and F. M. are
supported by MINECO grant FPA2016-76005-C2-1-P and by Maria de Maetzu program
grant MDM-2014-0367 of ICCUB and 2017 SGR 929. This project has also received support
15
1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
RD(*)/RD(*)
SM
δC
9μμ
=
-
δC
1
0μμ
S1 & S3
w/o Z-pole
Z-pole full
Z-pole LLA
exp
Figure 4: Results of the low-energy fit considering the full expressions computed in this paper
are depicted in the plane RD(∗)/R
SM
D(∗) vs. δC
µµ
9 = −Cµµ10 by the green (yellow) regions to 1σ
(2σ) accuracy. Leptoquark masses are fixed to mS1 = mS3 = 2 TeV and Yukawa couplings are
scanned over the ranges described in the text. In the same plot we show the 1σ results of the fit by
neglecting Z-pole constraints (blue line) and by including Z-poles observables with a leading-log
approximation (black dashed line) [18]. As discussed in the text, the inclusion of finite terms
reduces the tension between Rexp
D(∗) and Z-pole data.
from the European Union’s Horizon 2020 research and innovation programme under the
Marie Sklodowska-Curie grant agreement N. 690575 and 674896.
16
A EFT description of `i → `jνiν¯j
In this Appendix we collect the complete expression for `i → `jνiν¯j, with i, j ∈ {e, µ, τ},
and m`i > m`j . The most general dimension six effective Lagrangian describing these
decays without taking into account RH neutrinos can be written as
δLτeff = −
2
v2
[(
1 + δCijLL
)
(ν¯iγ
µPL`i)(¯`jγµPLνj) + δC
ij
LR(ν¯iPR`i)(
¯`
jPLνj)
]
+ h.c. , (41)
where δC ijLL and δC
ij
LR are the Wilson coefficients. For simplicity, we have considered only
the lepton flavor conserving couplings since the LFV ones would not interfere with the SM.
The relevant decay rate then reads,
Γ(`i → `jνiν¯j)
Γ(`i → `jνiν¯j)SM = 1 +
∣∣1 + δCijLL∣∣2 + 14 ∣∣δCijLR∣∣2 + 2m`im`j Re
[
(1 + δCijLL)δC
ij
LR
]
, (42)
normalized with respect to the SM value, Γ(`i → `jνiν¯j)SM = G2Fm5`i/(192pi3), after neglect-
ing the terms O(m2`j/m2`i). LQs contributes to the effective Wilson coefficients in Eq. (42)
at the one-loop level via two types of diagrams: (i) W -penguins and (ii) box diagrams. The
former ones can be expressed in terms of the Wτν effective vertices defined in Eq. (26). In
the limit of small transferred momenta (i.e. m2`i/m
2
W  1) we find[
δC ijLL
]W−penguin
= δhii`L(xW = 0) + δh
jj
`L
(xW = 0) + . . . , (43)
where δhijL are the effective coefficients reported in Sec. 4, in which xW should be set to
zero. In practice we truncate the series and neglect all the terms represented by ‘dots’ in
Eq. (43). The box diagram contributions are schematically illustrated in Fig. 5. For the
LQ doublets, we find[
δC ijLL
]box
R2
=
NCv
2
128pi2m2R2
(
yL †R2 · yLR2
)
jj
(
yL †R2 · yLR2
)
ii
, (44)
[
δCijLR
]box
R2
= − NCv
2
64pi2m2R2
(
yR †R2 · yRR2
)
ji
(
yL †R2 · yLR2
)
ij
, (45)
and [
δCijLL
]box
R˜2
= − NCv
2
128pi2m2
R˜2
(
yL †
R˜2
· yL
R˜2
)
jj
·
(
yL †
R˜2
· yL
R˜2
)
ii
, (46)
where y†LQ · yLQ denotes a matrix product. The coefficient δCLR is not generated by R˜2
because this LQ does not couple to the right-handed leptons in Eq. (6). Also note that none
of these box contributions can be captured by an EFT computation to leading logarithms.
For the remaining LQ models, we find[
δCijLL
]box
S1
= +
NCv
2
128m2S1
(
yL †S1 y
L
S1
)
ji
(
yL†S1y
L
S1
)
ij
,[
δCijLR
]box
S1
= − NCv
2
64pi2m2S1
(
yR †S1 · yRS1
)
ji
(
yL †S1 · yLS1
)
ij
.
(47)
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Figure 5: Box diagrams contributing to `i → `jνiν¯j .
and[
δCijLL
]box
S3
=
NCv
2
128m2S3
(
yL †S3 · yLS3
)
ji
(
yL †S3 · yLS3
)
ij
+
NCv
2
32m2S3
(
yL †S3 · yLS3
)
jj
(
yL †S3 · yLS3
)
ii
. (48)
These contributions should be added to the ones, presented in Eq. (43).
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